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Three-Dimensional Structure of an Evolutionarily
Conserved N-Terminal Domain of Syntaxin 1A
(SoÈ llner et al., 1993). In addition to its participation in
the core complex, equally important for syntaxin func-
tion may be its interactions with synaptotagmin I (Ben-
Imma Fernandez,*² Josep Ubach,*²
Irina Dulubova,*² Xiangyang Zhang,³§
Thomas C. SuÈ dhof,³§ and Josep Rizo*²‖
nett et al., 1992), Ca21 channels (Yoshida et al., 1992),*Department of Biochemistry
munc13s (Betz et al., 1997), and munc18-1 (Hata et al.,²Department of Pharmacology
1993). Synaptotagmin I is an essential protein for neuro-³Department of Molecular Genetics
transmitter release (Geppert et al., 1994) and is likely to§Howard Hughes Medical Institute
be the Ca21 receptor in this process (SuÈ dhof and Rizo,University of Texas Southwestern Medical Center
1996). Ca21-dependent binding of the first C2 domain ofDallas, Texas 75235
synaptotagmin I (C2A domain) to syntaxin (Li et al., 1995;
Kee and Scheller, 1996) may serve as the trigger that
initiates exocytosis. The interaction with Ca21 channelsSummary
may be important to place syntaxin close to the sites
of Ca21 influx. Two other syntaxin-interacting proteins,Syntaxin 1A plays a central role in neurotransmitter
munc13s and munc18-1, are the mammalian homologsrelease through multiple protein±protein interactions.
of the C. elegans unc-13 and unc-18 gene products;We have used NMR spectroscopy to identify an auton-
mutations of these genes cause severe paralyzing phe-omously folded N-terminal domain in syntaxin 1A and
notypes in C. elegans that suggest defects in neuro-to elucidate its three-dimensional structure. This 120-
transmission (Brenner, 1974; Hosono and Kamiya,1991).residue N-terminal domain is conserved in plasma
In addition to the neuron-specific isoforms of syntaxinmembrane syntaxins but not in other syntaxins, indi-
(syntaxins 1A and 1B), homologs of syntaxin have beencating a specific role in exocytosis. The domain con-
identified in a variety of tissues and membrane compart-tains three long a helices that form an up-and-down
ments, showing that syntaxins constitute a large familybundle with a left-handed twist. A striking residue con-
of proteins. This led to the general view that syntaxin isservation is observed throughout a long groove that is
a key component of the machinery that mediates alllikely to provide a specific surface for protein±protein
types of intracellular membrane traffic (Bennett andinteractions. A highly acidic region binds to the C2A
Scheller, 1993; Ferro-Novick and Jahn, 1994). The com-domain of synaptotagmin I in a Ca21-dependent inter-
mon characteristic that defines the syntaxin family ofaction that may serve as an electrostatic switch in
proteins is a conserved C-terminal region that generallyneurotransmitter release.
precedes a transmembrane domain (Figure 1a). This
C-terminal region participates in the formation of theIntroduction
core complex (Kee et al., 1995) and is thus believed to
be directly involved in membrane fusion. The functionNeurotransmitters are released from a presynaptic ter-
of the N-terminal z185 residues is uncertain. This region
minal when Ca21 influx triggers synaptic vesicle exo-
forms the bulk of the cytoplasmic sequence and is vari-
cytosis. A cascade of protein±protein interactions medi-
able when all syntaxins are compared. However, se-
ates docking of the vesicles to the plasma membrane,
quence analysis of syntaxins that have been implicated
activation of the vesicles for fusion (priming), and mem-
in neurotransmitter release shows a remarkable conser-
brane fusion upon Ca21 influx (SuÈ dhof, 1995). The vation even for species separated by millions of years
plasma membrane protein syntaxin is widely believed
of evolution such as rat and aplysia (Figure 1b and see
to play a central role in exocytosis and may be involved below). The sequence conservation of this region ex-
in each of these steps. This notion is supported by the
tends to syntaxin isoforms that have been localized to
observation that syntaxin is the target of botulinum toxin
the plasma membrane, such as the mammalian syn-
C1, a toxin that inhibits neurotransmitter release (Blasi et
taxins 2, 3, and 4 (Bennett et al., 1993) and yeast SSO1
al., 1993), by analysis of syntaxin mutants in Drosophila and SSO2, but not to syntaxins localized in intracellular
(Schulze et al., 1995), and by the multiple interactions of membranes, such as syntaxins 5, 6, and 7 (Bennett et
syntaxin with other proteins involved in neurotransmitter al., 1993; Bock et al., 1996; Wong et al., 1998). Thus,
release (reviewed in Bennett and Scheller, 1994; Roth- the N-terminal region of plasma membrane syntaxins is
man, 1994; Hanson et al., 1997a). likely to have a function that is specific for exocytosis.
Synaptobrevin/VAMP and SNAP-25, proteins that are The importance of this region is supported by the obser-
also targets of botulinum toxins, form a tight complex vation that it is responsible for syntaxin binding to
with syntaxin that is known as the core complex or the munc13 (Betz et al., 1997) and that it is required for
SNARE complex (SoÈ llner et al., 1993). Formation of this binding to munc18 (Hata et al., 1993; Kee et al., 1995).
complex is believed to provide the energy necessary to In addition, the N-terminal region of syntaxin 1A binds
approach the vesicle and plasma membranes (Hanson in a Ca21-dependent manner to the C2A domain of syn-
et al., 1997b; Lin and Scheller, 1997). The complex binds aptotagmin I (Shao et al., 1997a), suggesting a role in
a-SNAP and NSF, proteins required for general vesicular the Ca21 regulation of neurotransmitter release.
traffic, and is dissociated by the ATPase activity of NSF Dissecting the functional importance of each of the
interactions involving the N-terminal region of syntaxin is
critical to fully define the role(s) of syntaxin inexocytosis.‖ To whom correspondence should be addressed.
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Figure 1. Domain Structure of Syntaxins and
Sequence Alignment of a Conserved N-Ter-
minal Fragment of Plasma Membrane Syn-
taxins
(a) Schematic diagram of the sequence of
syntaxins. Plasma membrane syntaxins con-
tain a transmembrane region (black), a C-ter-
minal sequence of the cytosplasmic region
that is involved in formation of the core com-
plex (striped), and an N-terminal region that
is likely to have a specific role in exocytosis.
The latter is shown in white, with the se-
quences corresponding to the three helices
observed by NMR spectroscopy, HA, HB, and
HC, colored in blue, green, and red, respec-
tively. Residue numbers corresponding to the
syntaxin 1A sequence are indicated below
the bar.
(b) The sequence alignment shown corre-
sponds to the segment of the N-terminal re-
gion that is autonomously folded in syntaxin
1A. Five of the sequences correspond to Rat-
tus norvegicus syntaxins that have been lo-
calized to the plasma membrane (Rn 1A, 1B,
2, 3, and 4), five to syntaxins from other spe-
cies (Ac, Aplysia californica; Dm, Drosophila
melanogaster; Hm, Hirudo medicinalis; Lp,
Loligo pealei; Ce, Caenorhabditis elegans)
and two sequences are from yeast plasma
membrane syntaxins (SSO1 and SSO2). Resi-
due numbers are indicated at the left and the
right sides of the sequences. Residues that are identical in at least 6 out of the 12 sequences shown are colored. Blue, green, and red
correspond to helix A, B, and C, respectively, and yellow corresponds to residues outside the helices. The bar indicates the sequence of
syntaxin 1A involved in binding to the C2A domain of synaptotagmin I (see Figure 6).
Such dissection could be achieved through genetic and the sharp resonances using triple resonance experi-
ments revealed that they correspond to residues 1±27physiological studies of syntaxin function based on mu-
tations targeted to disrupt specific interactions. How- and 147±180 and that their chemical shifts are similar
to those of a random coil. This is illustrated in Figure 2,ever, design of such experiments is hindered by the
lack of structural information at atomic resolution on where the differences between the observed Ca chemi-
cal shifts and those characteristic of a random coilsyntaxin. To provide a structural basis for understanding
the function of syntaxin, we have analyzed the three- (DdCa) are plotted against the residue number. For com-
parison, the values of DdCa obtained later for residuesdimensional structure of the N-terminal region of syn-
taxin 1A using nuclear magnetic resonance (NMR) spec- 27±146 are also plotted. These results show that the
regions corresponding to residues 1±26 and 147±180 oftroscopy. We find that residues 27±146 constitute an
independently folded domain with a three-helix bundle the syntaxin 1A fragment are unfolded and their narrow
line widths arise from internal motions.structure. The interface between the second and third
helices forms a long groove that exhibits a striking resi- To improve the NMR data corresponding to the struc-
tured part of the molecule, we prepared a recombinantdue conservation in plasma membrane syntaxins and
is likely to provide a binding site for an a helix of another fragment corresponding to residues 27±146, which we
will refer to as Nsyx. Analysis by circular dichroismprotein of the exocytotic machinery. The N terminus of
the second helix contains a highly acidic region that showed that Nsyx is highly a-helical and very stable,
with a denaturation temperature of more than 808C. Theis responsible for Ca21-dependent binding to the C2A
domain of synaptotagmin I, supporting a model whereby high percentage of a helix and the scarcity of aromatic
residues result in a poor chemical shift dispersion, butthe two protein domains constitute an electrostatic
switch that inhibits neurotransmitter release in the ab- use of triple resonance experiments together with two-,
three-, and four-dimensional NOESY spectra allowed ussence of Ca21 and triggers release upon Ca21 influx.
to obtain a high-resolution three-dimensional structure
of Nsyx in solution. Structure calculations were per-Results
formed by simulated annealing using a set of 1508 ex-
perimental NMR restraints. A superposition of the 15Identification and Three-Dimensional Structure
of an Autonomously Folded Domain structures of Nsyx with the fewest violations from the
restraints is shown in Figure 3a. Ribbon diagrams of aof Syntaxin 1A (Nsyx)
We first analyzed a recombinant fragment containing representative structure in two different orientations are
shown in Figures 3b and 3c. Structural statistics areresidues 1±180 of rat syntaxin 1A. The NMR spectra of
this fragment contained two sets of resonances with summarized in Table 1.
The structure of Nsyx consists of an up-and-downdistinctly different line widths. Backbone assignment of
Structure of a Syntaxin N-Terminal Domain
843
Figure 2. Residues 1±26 and 147±180 of the
N-Terminal Region of Syntaxin Are Unstruc-
tured
The differences (DdCa) between the Ca
chemical shifts observed for residues 1±26
and 147±180 in the 1±180 fragment of syn-
taxin1A and those expected for a random coil
(Wishart and Sykes, 1994) are plotted against
the residue number (open bars). For compari-
son, the valuesof DdCa observed for residues
27±146 in the analysis of the Nsyx domain are
also plotted (solid bars). Note that residues
27±146 contain three regions with large, posi-
tive DdCa values that correspond to the three
a helices, while the small values of DdCa ob-
served for residues 126 and 147±180 show
that they are unstructured.
three-helix bundle with interhelical angles of 108 to 308. shape with short and long diameters of 20 and 55 AÊ ,
respectively. Three segments of syntaxin 1A had beenThe bundle has a left-handed twist, which can be best
recognized in the ribbon diagram of Figure 3c. The two predicted to have a high propensity for coiled-coil for-
mation, two in the N-terminal region (named H1 and H2)loops that connect the helices are flexible, in agreement
with the narrower line widths of their resonances, while and one in the C-terminal region (named H3) (Inoue et
al., 1992). The first two helices in the three-dimensionalthe a helices are well defined. A few residues in the C
terminus appear to be flexible, but the NMR data indi- structure of Nsyx coincide approximately with the pre-
dicted H1 and H2 coiled-coil regions, while the thirdcate that they populate a-helical conformations down
to residue Arg-144. Thus, each helix spans approxi- helix observed in the structure had not been anticipated.
To avoid confusion with the old nomenclature, we willmately 35 residues, giving the molecule an elongated
Figure 3. Structure of the Nsyx Domain
(a) Superposition of the backbone of the 15 simulated annealing structures with the fewest violations from the NMR restraints. The three
helices are labeled HA, HB, and HC. The positions of the N and C termini, as well as those of two residues in the loops (residues 69 and 108),
are indicated. The backbone atoms of the three helices (residues 28±62, 71±104, and 111±144) were used to superimpose the structures.
(b and c) Ribbon diagrams of the structure of Nsyx in two different orientations. Helix A, B, and C are colored in blue, green, and red,
respectively. The orientation in (c) results from a 908 rotation of the structure in (b) (pulling the N terminus to the front) and illustrates the left-
handed twist of the bundle. The ribbon diagrams were generated with the programs MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and
Murphy, 1994).
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Table 1. Structural Statistics for the 15 Simulated Annealing
Structures of Nsyx with the Fewest Violations from NMR
Restraintsa
Experimental NMR restraints
Total 1508
NOE distance restraints
All 1352
Intraresidue 373
Sequential (|i2j| 5 1) 331
Short range (1 , |i2j| , 5) 459
Long range (|i2j| . 4) 189
Hydrogen bonds 68
Figure 4. Residues of Helix C of Nsyx Involved in Interhelical Con-F angle restraints 88
tactsAverage rms deviation from distance restraints (AÊ ) 0.013
Average rms deviation from F angle restraints (8) 0.07 The residues are represented around a helical wheel with the period-
Average rms deviation from idealized icity of a coiled coil (positions a±g are indicated inside the tips of
covalent geometry the star). The a and d positions have been assigned to the positions
Bonds (AÊ ) 0.016 involved in more helical contacts. A line above a residue indicates
Angles (8) 2.6 that it is involved in contacts with helix A, and a line below a residue
Ramachandran Plotb indicates contacts with helix B. Note that the residues of position
Most favorable regions (%) 88.3 a are generally in contact with both helix A and B, while residues
Additional allowed regions (%) 9.8 in position c, g, and d are proximal to helix A and those in position
Average rms deviations of atomic coordinates e are proximal to helix B.
to the mean (AÊ )
Backbone (N, Ca, C9) all residues 1.16
Heavy atoms all residues 1.72
component (2.6 AÊ rms deviation for 100 equivalent CaBackbone (N, Ca, C9) a helicesc 0.72
Heavy atoms a helicesc 1.30 carbons).
a There were no systematic distance violations larger than 0.2 AÊ and
no systematic F angle violations larger than 28.
Nsyx Contains a Highly Conserved Grooveb Calculated with the program PROCHECK (Laskowski et al., 1993).
c Residues 28±62, 71±104, and 111±144. A comparison of the sequences of the Nsyx domain of
rat syntaxins 1A and 1B with those of syntaxins from a
variety of species (Figure 1b) reveals a remarkable num-
ber of invariant residues, strongly suggesting a con-refer to the three helices of Nsyx as helix A, B, and C
(Figures 1a and 3). served function. For instance, there is a 69% identity
between Nsyx of rat syntaxin 1A and Nsyx of a speciesThe nature of the side chains involved in stabilizing
the tertiary structure of the Nsyx domain explains the as evolutionarily distant as C. elegans. High homology
also exists among theNsyx domains of most rat syntaxinfact that helix C was not predicted. The A and B helices
contain characteristic heptad repeats with hydrophobic isoforms that are known to be localized at the plasma
membrane (compare syntaxins 1A, 1B, 2, and 3 in Figureresidues (mostly Ile, Leu, and Val) in thea and d positions
(see Figure 1b, starting at Met-30 for helix A and at Thr- 1b), although syntaxin 4 is more divergent. The corre-
sponding domains of the yeast syntaxin homologs from71 for helix B). Thus, the helix A/helix B interface is
formed by interdigitated hydrophobic side chains re- the plasma membrane, SSO1 and SSO2, have a distant
but significant homology to syntaxin 1A Nsyx. Overall,sembling an antiparallel coiled coil. In contrast, the resi-
dues of helix C involved in contacts with helices A and the sequence conservation among plasma membrane
Nsyx domains is lowest in the loops and highest in theB are of very distinct nature and include Arg, Gln, His,
Phe, Ser, Thr, and Tyr side chains (Figure 4). The hy- a helices, particularly in helix C, where, for instance,
85% of the residues of rat syntaxin 1A and C. elegansdrophobic parts of these side chains are buried, and
their hydrophilic parts are either exposed or form internal syntaxin are identical.
The distribution of the most conserved residues withinpolar interactions. For instance, the side chain of Arg-
116 isoriented toward the inside of the molecule, emerg- the three-dimensional structure of Nsyx (Figure 5) em-
phasizes further the importance of helix C and, moreing on the opposite side where it forms a salt bridge
with Glu-103. The architecture of Nsyx is also somewhat specifically, of its interface with helix B. The interface
between these two helices forms a groove that extendsunusual in that a large percentage of the three-helix
bundles found in the Protein Data Bank (PDB) contain throughout most of the length of the domain (Figure 5a
and 5b). While the least conserved residues of Nsyxa right-handed twist (e.g., proteins of the homeodomain
family). Bundles with left-handed twists usually contain are generally located in the surface of the molecule, a
striking conservation can be observed for the residuesfour or more helices, and the few left-handed three-helix
bundles found in the PDB generally have much shorter lining the groove between helices B and C (Figure 5b).
Note for instance that, although the C terminus of helixhelices than Nsyx. As a consequence, most of the struc-
tures found tobe homologous to that of the Nsyx domain C is less conserved than its N terminus (Figure 1b), high
conservation is observed for those residues at the Cthrough a Dali search (Holm and Sander, 1993) of the
PDB contain left-handed bundles of four or more heli- terminus that form the surface of the groove (e.g., Y134,
N135, and Q138). These observations strongly supportces. The best structural alignment corresponds to the
first three helices of the lactose-specific enzyme IIa the notion that the presence of the groove is functionally
Structure of a Syntaxin N-Terminal Domain
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Figure 5. The Nsyx Domain Contains a Highly Conserved Groove along the Interface between Helices B and C
Space-filling models of Nsyx in two different orientations are shown. In (a) and (b), the helix B/helix C interface is in the front while (c) and (d)
show the other side of the molecule (1808 rotation around the vertical axis) with helix A in the front. In (a) and (c), the atoms are colored blue,
green, and red for helices A, B, and C, respectively, and yellow elsewhere. In (b) and (d), residues that are identical in at least 8 out of the 12
syntaxin sequences described in Figure 1b are shown in white, and other residues are colored in orange. To help recognize the orientation
of the molecule, the positions of the C terminus and of residues 72, 102, and 114 are indicated in (a) and (b), and the positions of the N
terminus and of residues 59, 73, and 115 are indicated in (c) and (d). The groove between helices B and C, which can be better seen with the
coloring used in (b), spans the upper two-thirds of the molecule. The arrow indicates the direction of the groove in its lower part; in the upper
part, the groove bends into a vertical direction following the curvature of the helices. The residues that form the surface of the groove are:
I82, K83, A86, N87, R90, L93, K94, I96, E97, I100, E101, and E104 from helix B, and L113, K117, H120, S121, S124, F127, V128, M131, Y134,
N135, and Q138 from helix C.
important. The groove could serve as an interaction sur- cross-peak shifts were similar to those observed pre-
viously in analogous experiments performed with a frag-face for an a helix of another protein involved in neuro-
ment containing residues 1±177 of syntaxin 1A (Shao ettransmitter release, perhaps munc13 or munc18.
al., 1997a). Thus, the region of the C2A domain that binds
to Nsyx is analogous to that involved in binding to the
A Highly Acidic Region of Nsyx Binds to the entire N-terminal region of syntaxin 1A. At the same
C2A Domain of Synaptotagmin I time, these results strongly suggest that the binding site
in a Ca21-Dependent Manner in the N-terminal region of syntaxin 1A is contained
As a first step toward characterizing the mode of interac- within the Nsyx domain.
tion of Nsyx with other proteins involved in neurotrans- To analyze which region of Nsyx is responsible for
mitter release, we analyzed the potential Ca21-depen- Ca21-dependent binding to the C2A domain, we first
dent interaction between Nsyx and the C2A domain of recorded 1H-15N HSQC spectra of 15N-labeled Nsyx in
synaptotagmin I. The analysis was performed using het- the presence of Ca21, before and after addition of unla-
eronuclear correlation spectra such as two-dimensional beled C2A domain. However, a complete analysis was
1H-15N HSQC and three-dimensionalHNCO. These spec- hindered by the severe cross-peak overlap present in
tra contain one cross-peak for each nonproline residue the 1H-15N HSQC spectra of Nsyx. To overcome this
in themolecule and thus can beviewed as protein finger- problem, we acquired a series of HNCO spectra of 15N,
prints. Specific changes in these fingerprints can be 13C-labeled Nsyx in the presence of Ca21 and with in-
used to map the region of a protein that binds to another creasing concentrations of unlabeled C2A domain. HNCO
protein. First, we acquired 1H-15N HSQC spectra of Ca21- spectra offer a much higher resolution than 1H-15N HSQC
free and Ca21-bound 15N-labeled C2A domain in the pres- spectra because they contain a third dimension corre-
ence and absence of unlabeled Nsyx. No spectral sponding to the 13C-chemical shift of the carbonyl car-
changes were observed when Nsyx was added to the bons, and the gradual addition of C2A domain allowed
Ca21-free C2A domain (data not shown). However, addi- us to monitor cross-peaks shifts progressively to avoid
tion of Nsyx in the presence of Ca21 caused broadening ambiguities in the interpretation of the data. Expansions
and cross-peak shifts (Figure 6a), showing that there is of a plane of the HNCO spectra obtained with 0% and
100% C2A domain are shown superimposed in FigureCa21-dependent binding between the two domains. The
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Figure 6. A Highly Acidic Region of Nsyx Me-
diates Ca21-Dependent Binding to the C2A
Domain of Synaptotagmin I
(a) Expansions of 1H-15N HSQC spectra of 15N-
labeled Ca21-bound C2A domain in the ab-
sence (black contours) and presence (red
contours) of a stoichiometric amount of unla-
beled Nsyx. The red contours are plotted at
lower levels to compensate for the broaden-
ing caused by binding and allow observation
of the broadest cross-peaks. Cross-peaks
that shift upon addition of Nsyx are indicated.
The region of the C2A domain that binds to
Nsyx as indicated by these data is analogous
to that found previously to bind to the 1±180
fragment of syntaxin 1A (see Shao et al.,
1997a). The cross-peak labeled with an aster-
isk (*) belongs to a sequence remaining from
the expression construct and shifts because
of its proximity to the N terminus of the C2A
domain.
(b) Expansions of a plane of HNCO spectra
of 15N,13C-labeled Nsyx acquired in 20 mM
Ca21, in the absence (black contours) and
presence (red contours) of a stoichiometric
amount of unlabeled C2A domain. The plane
corresponds to a 13C-chemical shift of 178.5
ppm. The cross-peaks are labeled with the
residue that bears the HN group. The variable
intensities of the cross-peaks are in part due
to the fact that they have maxima in different
planes, particularly those of F33 and T71.
Upon addition of C2A domain, the F33 cross-
peak broadens and disappears from the
plane shown, while the T71 cross-peak shifts
farther from this plane and also broadens.
(c and d) Space-filling models of Nsyx illus-
trating the region that binds to the C2A do-
main. In (c), residues that exhibit amide 1H,
15N, or 13C chemical shift changes larger than
20 Hz upon addition of C2A domain are col-
ored in cyan (E69, K70, T71, E73, E74, E76,
E77, and S80). In (d), acidic residues are col-
ored in red and basic residues in blue. Note
the string of acidic residues in the C2A do-
main±binding region (from bottom to top: D68, E69, E73, E74, E76, E77, and D81). The view of the molecule represents a 1208 rotation around
the vertical axis with respect to Figures 5a and 5b and places helix B in the front of the model. To help in recognizing this orientation, the N
and C termini, as well as the positions of residues 69 and 102, are indicated.
6b. The cross-peak shifts observed were in general great challenges of modern biology, achieving this goal
will require a multidisciplinary approach integrating di-small, indicating that the interaction is primarily medi-
ated by side chains and does not involve any substantial verse techniques. Biochemical, genetic, and physiologi-
cal studies have provided a wealth of information onconformational change in Nsyx. All significant shifts
were observed in a region at the N terminus of helix B, the machinery that regulates Ca21-evoked exocytosis
and shown the high complexity of the system, with acorresponding to residues 68±81 (Figure 6c). This region
is characterized by a high density of negatively charged large number of protein components and multiple inter-
actions between them (Bennett and Scheller, 1994; SuÈ d-side chains (Figure 6d) that do not form part of the
groove between helices B and C. Most of these acidic hof, 1995). However, putting together the pieces of the
puzzle has been hindered so far by the lack of structuralresidues are conserved across species, with Glu to Asp
substitutions in some cases (Figure 1b). The specificity information at atomic resolution on most of the proteins
involved in exocytosis (the only exception being theof the Nsyx/C2A domain Ca21-dependent interaction is
supported by the fact that no significant chemical shift crystal structure of the C2A domain of synaptotagmin I;
Sutton et al., 1995). The need for such information waschanges were observed in other highly acidic regions
in the surface of Nsyx. particularly pressing in the case of syntaxin because of
its demonstrated importance in neurotransmitter re-
lease and because of its multiple interactions with otherDiscussion
components of the exocytotic apparatus (Bennett and
Scheller, 1994; SuÈ dhof, 1995). Several of these interac-Elucidating the mechanism of neurotransmitter release
is a necessary step toward a full understanding of neural tions involve the N-terminal region of syntaxin 1A, which
formsthe bulk of its cytoplasmic region and is conservedfunctions, including memory and learning. As with other
Structure of a Syntaxin N-Terminal Domain
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in plasma membrane syntaxins. All these observations here demonstrate that the region of the N-terminal se-
quence of syntaxin that binds to the C2A domain is in-strongly suggest an important role in exocytosis. Thus,
the structure of the Nsyx domain of syntaxin 1A de- deed highly acidic. Given the high density of negative
charge in the Ca21-binding region of the C2A domainscribed here contributes one of the key pieces of the
puzzle, providing a structural framework to understand before Ca21 binding, it is most likely that Nsyx and the
C2A domain repel each other in the absence of Ca21.the function of the N-terminal region of syntaxin and
insights about how this domain may interact with other Such repulsion may be the force that prevents synaptic
vesicle exocytosis to proceed before Ca21 influx intoproteins. Key structural information that complements
our work is provided by the recent elucidation of the a presynaptic terminal. Upon nerve stimulation, Ca21
binding to the C2A domain could attract syntaxin, initiat-crystal structure of a complex of the C-terminal region
of syntaxin with the minimal fragments of synaptobrevin ing fusion. Whether the C2A domain/Nsyx interaction is
physiologically relevant remains to be demonstrated,and SNAP-25 required for formation of the core complex
(Sutton et al., 1998). since the C2A domain has also been shown to bind in
a Ca21-dependent manner to the C-terminal region ofThe observation that Nsyx constitutes an autono-
mously folded domain of syntaxin 1A is likely to extend syntaxin (Kee and Scheller, 1996) and to negatively
charged phospholipid vesicles (Davletov and SuÈ dhof,to all other plasma membrane syntaxins given the
homology among them (Figure 1b). This notion is sup- 1993). Our data provide a hypothesis that can be tested
in vivo introducing mutations in Nsyx, in the C2A domain,ported by NMR studies of SSO1, the most distant mem-
ber of this family (A. T. BruÈnger, personal communica- or in both.
The picture that emerges from our results is that Nsyxtion). The structure of the Nsyx domain of syntaxin 1A
consists of an up-and-down three-helix bundle with a is a highly conserved, independently folded domain of
syntaxin with the following features: (1) it is covalentlyleft-handed twist. While the first two helices contain
heptad repeats characteristic of coiled coils, the resi- linked to the C-terminal region of syntaxin, which may
be directly involved in membrane fusion; (2) it containsdues of the third helix involved in interhelical contacts
are less typical of such structures. Consequently, helix a synaptotagmin-binding site, which may be a part of
the Ca21 trigger; (3) it forms a highly conserved grooveC had not been anticipated by secondary structure pre-
diction algorithms. On the other hand, bundles with a between two helices that may bind munc13, munc18,
and/or the C-terminal region of syntaxin, with potentialleft-handed twist and with long helices such as those
of Nsyx typically contain four or more helices. These regulatory roles in exocytosis. These characteristics
suggest that Nsyx may act as a multifunctional domainobservations suggest that the architecture of Nsyx has
been designed in such a way that helices A and B form in neurotransmitter release. It will be interesting to study
which protein(s) directly interacts with the groove anda scaffold against which helix C is packed; the packing
results in the formation of a groove between helices B what the consequences are in vivo of mutations intro-
duced in this groove.and C. The residues that form the surface of this groove
exhibit a remarkable conservation in plasma membrane
syntaxins, strongly suggesting that the groove is impor- Experimental Procedures
tant for the function of syntaxin in exocytosis. The length
Sample Preparationof the groove, which spans most of the long axis of
Expression vectors to obtain fragments 1±180 and 27±146 of syn-the domain, suggests that an a helix of another protein
taxin 1A were obtained by standard recombinant DNA techniquesinvolved in exocytosis can pack against it completing
from a vector expressing the full cytoplasmic region with a Cys-
a four-helix bundle. Primary candidates for such interac- 145 to Ser mutation to prevent formation of intermolecular disulfide
tion are munc13 and munc18. It is also tempting to bonds (Shao et al., 1997a). Proteins were overexpressed as glutathi-
speculate that the C-terminal region of the cytoplasmic one S-transferase fusions in minimal medium in E. coli and purified
by affinity chromatography, cleavage with thrombin, and gel filtra-region of syntaxin, which is involved in the formation of
tion or cation exchange chromatography as described (Shao et al.the core complex, could bind to this groove. This pro-
1997a). Samples for structure determination contained 1 mM proteinposal is consistent with previous experiments that sug-
dissolved in 60 mM phosphate buffer at pH 6.3. Binding experiments
gested an interaction between the N- and C-terminal were performed in 20 mM Tris, 100 mM NaCl (pH 7.4). One set of
regions of syntaxin (Calakos et al., 1994; Hanson et al., experiments was performed with a sample containing 0.1 mM 15N-
1995). Such an interaction would hinder formation of the labeled C2A domain before and after addition of 0.1 mM unlabeled
Nsyx, in the presence of either 1 mM EDTA or 20 mM CaCl2. Anothercore complex after disassembly of the complex by NSF,
set was performed with a sample of 0.5 mM 15N,13C-labeled Nsyx inimplying that Nsyx may be critical to ensure the proper
the presence of 20 mM CaCl2 with progressive addition of unlabeledtiming of membrane fusion.
C2A domain up to 0.5 mM.A remarkable feature of neurotransmitter release is
that it occurs very fast after Ca21 influx (within 100±200
NMR Spectroscopy
ms). Thus, the synaptic vesicles that are ªready to fuseº All NMR spectra for resonance assignment of the fragment 1±180
appear to be in a metastable state that is hindered to of syntaxin 1A and structure determination of Nsyx were acquired
proceed toward fusion in the absence of Ca21. Based at 328C on a Varian Unity 500 spectrometer. Backbone assignments
for both fragments were obtained using a series of double andon our previous structural analyses of the C2A domain
triple resonance experiments incorporating pulse field gradients and(Shao et al., 1997a; Ubach et al., 1998), we predicted
sensitivity enhancement for spectra with direct detection of amidethat the region of syntaxin involved in Ca21-dependent
protons. These included 1H-15N TOCSY-HMQC and NOESY-HMQC
binding to the C2A domain is highly negatively charged (Marion et al., 1989; Zhang et al., 1994), HNCO (Kay et al., 1994),
and proposed that the switch in electrostatic potential HNCACB (Muhandiram and Kay, 1994), (H)CBCACO(CA)HA (Kay,
caused by Ca21 binding to the C2A domain causes the 1993), (H)C(CO)NH-TOCSY and H(C)(CO)NH-TOCSY (Grzesiek et al.,
1993; Logan et al., 1993). Side chain assignments for Nsyx werechange in affinity for syntaxin. The results described
Cell
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obtained using the above experiments, together with HCCH-TOCSY Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics
77, 71±94.(Kay et al., 1993) and standard two-dimensional homonuclear exper-
iments. NOE data for structure determination were extracted from Calakos, N., Bennett, M.k., Peterson, K.E., and Scheller, R.H. (1994).
2D NOESY (Kumar et al., 1981), 3D 1H-15N NOESY-HSQC, and 4D Protein-protein interactions contributing to the specificity of intra-
1H-13C,1H-13C HMQC-NOESY-HMQC (Clore et al., 1991) spectra ac- cellular vesicular trafficking. Science 263, 1146±1149.
quired with mixing times of 50±120 ms, 100 ms, and 100 ms, respec- Clore, G.M., Lay, L.E., Bax, A., and Gronenborn, A.M. (1991). Four-
tively. The 3JHNa coupling constants were measured from HNHA dimensional 13C/13C-edited nuclear Overhauser enhancement spec-
spectra applying a 1.11 correction factor (Kuboniwa et al, 1994). All troscopy of a protein in solution: application to interleukin 1b. Bio-
data were processed and analyzed with the programs Felix (MSI), chemistry 30, 12±18.
NMRPipe (Delaglio et al., 1995), NMRView (Johnson and Blevins, Davletov, B.A., and SuÈ dhof, T.C. (1993). A single C2 domain from1994), and PIPP (Dan Garrett, NIDDK). The acquisition parameters synaptotagmin I is sufficient for high affinity Ca21/phospholipid bind-
and processing methods used were analogous to those we used ing. J. Biol. Chem. 268, 26386±26390.
previously for other protein structural studies (Rizo et al., 1994; Shao
Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J., and Bax,et al., 1996, 1997a, 1997b). 1H-15N HSQC and HNCO spectra for
A. (1995). NMRPipe: a multidimensional spectral processing systemanalysis of Nsyx/C2A domain interactions were acquired at 258C based on UNIX pipes. J. Biomol. NMR 6, 277±293.using parameters as described elsewhere (Shao et al., 1997a,
Ferro-Novick, S., and Jahn, R. (1994). Vesicle fusion from yeast to1997b).
man. Nature 370, 191±193.
Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens,Structure Calculations
C.F., and SuÈ dhof, T.C. (1994). Synaptotagmin I: a major Ca21 sensorStructures of Nsyx were calculated by simulated annealing (Nilges
for transmitter release at a central synapse. Cell 79, 717±727.et al., 1988) followed by energy minimization. The calculations and
Grzesiek, S., Anglister, J., and Bax, A. (1993). Correlation of back-structural analysis were performed with the programs InsightII, Dis-
bone amide and aliphatic side-chain resonances in 13C/15N-enrichedcover, and NMRchitect (Biosym, San Diego, CA). Interproton dis-
proteins by isotropic mixing of 13C magnetization. J. Magn. Reson.tance restraints were assigned distance bounds of 1.8±2.8, 1.8±3.5,
B 101, 114±119.and 1.8±5.0 AÊ for strong, medium, and weak NOEs, respectively
(with standard pseudoatom corrections). A separate classification Hanson, P.I., Otto, H., Barton, N., and Jahn,R. (1995). The N-ethylma-
leimide-sensitive fusion protein and a-SNAP induce a conforma-of intensities was used for NOEs involving methyl groups to account
tional change in syntaxin. J. Biol. Chem. 270, 16955±16961.for their stronger intensities. All torsional restraints forced φ angles
to be between 2108 and 2908. Each hydrogen bond was forced Hanson, P.I., Heuser, J.E., and Jahn, R. (1997a). Neurotransmitter
with two restraints corresponding to H/O and N/O distances of release: four years of SNARE complexes. Curr. Opin. Neurobiol. 7,
1.7±2.4 and 2.7±3.4 AÊ , respectively. The force constants used for 310±315.
structure determination were 50 Kcal*mol21*AÊ 22 and 200Kcal*mol21* Hanson, P.I., Roth, R., Morisaki, H., Jahn, R., and Heuser, J.E.
rad22 for distance and torsion angle restraints, respectively. (1997b). Structure and conformational changes in NSF and its mem-
brane receptor complexes visualized by quick-freeze/deep-etch
electron microscopy. Cell 90, 523±535.Acknowledgments
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